Two solid Lewis acids, namely Sn-Beta and Sn-MCM-41, have been applied to the CarbonylEne reaction of β-pinene and α-methylstyrene with paraformaldehyde. For the more bulky molecule β-pinene the mesoporous material Sn-MCM-41 has been found to be the better catalyst whereas for the smaller α-methylstyrene Sn-Beta has shown a higher activity. Best selectivities have been observed in nitrile solvents, such as acetonitrile and butyronitrile, whereas reactions in toluene or dioxane have been less selective. The catalysts are water resistant what has been evidenced by addition of up to 200 wt% (with respect to the catalyst) of water without loss of activity or selectivity. Sn-MCM-41 has been employed in several cycles with intermediate regeneration, always recovering the high activity.
Introduction
Nopyl acetate (4) is an artificial fragrance compound with a fresh-fruity-woody odour. 1 In industry it is prepared by a Carbonyl-Ene reaction of β-pinene (1) and paraformaldehyde (2) with subsequent acetylation of the intermediary nopol (3) with acetic anhydride (Scheme 1). The conversion of olefin 1 with paraformaldehyde (2) into alcohol 3 has been achieved thermally in an autoclave at 150 -230 ºC or in presence of catalytic quantities of a homogeneous However, in most cases a big amount of catalyst was necessary being this an important drawback with respect to a potential industrial application. For instance, for complete transformation within 4 h 150 wt% of iron phosphate have been employed, or 74 wt% of catalyst for a 82% conversion after 6 h. Also in the case of MCM-41 a high catalyst amount was used (150 wt%) that could be decreased significantly to 35 wt% by the incorporation of Sn. This incorporation of tin has been done by chemical vapour deposition (CVD) of SnCl 4 with subsequent calcination. Using this catalyst and in the three additional cycles with recycled catalyst, almost 250 mg of β-pinene (1) have been converted into alcohol 3 with 25 mg of catalyst. In the final Sn-MCM-41 catalyst, a 4 : 1 molar ratio of chlorine to tin has been measured and therefore, it is suggested that the tin is grafted as SnCl 4 , being uniformly distributed without forming clusters.
At present, we are working with Lewis acid catalysts involving tin atoms incorporated into siliceous matrices. For instance, we have incorporated tin into Beta zeolite and the resulting material could be applied for the Baeyer-Villiger oxidation 5, 6 and the Meerwein-Ponndorf-Verley reduction. 7, 8 In this material, tin is not bound to any electron-withdrawing chlorine but either to four framework silyloxy groups forming a tetrahedral (OSi) 4 Sn centre or, with one of these Sn-O-Si hydrolyzed, resulting in a (SiO) 3 Sn(OH) centre. 9 For more bulky substrates tin has been incorporated directly into the wall of MCM-41 during the synthesis of the molecular sieve.
10,11
The advantage over the above mentioned material is that from the preparation sequence of the catalyst (synthesis, CVD, calcination) one step is eliminated since the metal is already introduced during the synthesis step and CVD is not required. Sn-Beta has been applied to an intramolecular version of the carbonyl-Ene reaction, namely to the cyclization of citronellal to isopulegol. 12 This is also an industrially essential step in the menthol synthesis. Herein, we want to report on the application of Sn-Beta and Sn-MCM-41 to the intermolecular carbonyl-Ene reaction between β-pinene or α-methylstyrene with paraformaldehyde.
Results and Discussion
Tin has been incorporated by direct synthesis into zeolite Beta and mesoporous MCM-41. First, 50-mg samples of Sn-MCM-41 (0.8, 3.6, and 4.4 mg of Sn; 6.74, 30.3, and 37.1 µmol, respectively) were submitted to a reaction mixture of 600 mg (4.41 mmol) of olefin 1, 300 mg (2.2 equiv.) of paraformaldehyde (2) and 3.0 g of toluene. In Table 1 it can be seen that, when 1.6 wt% of tin were incorporated into the mesoporous material, 444 mg (3.26 mmol) of β-pinene (1) were converted into alcohol 3 with 50 mg of Sn-MCM-41 (6.74 µmol of Sn; It was possible to incorporate more Sn into the MCM-41 material and the reaction time could be shortened further, but a decrease in product selectivity occurred. Alcohol 3 was only observed in 70 or 69% selectivity (Table 1 , entries 2 and 3). A very low amount of the desired product was observed when the type of active sites is changed to Lewis acid Ti sites. These type of sites were unreactive and gave alcohol 3 only with 18% selectivity (Table 1, entry 5) . Brönsted acid sites as generated in Al-MCM-41 converted olefin 1 completely within only 15 min, however, the desired product was only obtained in 11% yield (Table 1 , entry 4) being the formation of camphene, limonene and α-pinene main reactions occuring on this catalyst. The parent system, i.e. all silica MCM-41, had only low catalytic activity. Only 11% of olefin 1 was converted and the selectivity towards the desired product was low (Table 1 , entry 6). In this case, the catalytic activity was probably due to the presence of silanol groups which act as weak Brönsted acid sites.
When the substrate/catalyst ratio was varied it could be observed that there is only a small decrease in conversion from 99 to 96% for ratios of 60 to 241 (mol/mol) and the selectivity remained almost unchanged. Consequently, the amount of β-pinene converted into nopol (3) in the presence of Sn-MCM-41 could be improved to 840 mg (6.17 mmol) per 50 mg of catalyst or 4.4 mg (37.1 µmol) of Sn ( Table 2 , entry 3). When only 1.1 equiv. of paraformaldehyde was employed, both conversion and selectivity decreased significantly ( Table 2 , entry 4). The formation of side products and the decrease of selectivity was attributed to isomerization side-reactions caused by acidic sites. When this type of side reaction was observed during the Ti-Beta catalyzed epoxidation of olefins the selectivity could be much improved by employing acetonitrile as solvent. 15 It has been supposed that the weakly basic acetonitrile molecules neutralize these acid sites. Therefore, in the present reaction acetonitrile was used as solvent to improve the product selectivity towards the desired product. Indeed, this was slightly improved from 73% to 84% although at the expenses of conversion (Table 3 , entry 1). Only 13% of the substrate had been converted after 2 h reaction time versus more than 90% in toluene as solvent (cf. Table 1 ). The low conversion was improved by changing to a nitrile with a higher boiling point and working at higher reaction temperature. Thus, raising the temperature to 90 ºC and using butyronitrile as solvent, 65% of the substrate was converted after 6 h reaction time with 92% selectivity (Table 3 , entry 2). Almost complete conversion was achieved at reaction temperatures of 100 and 110 ºC and after 8 h reaction time (cf. Table 3 , entries 3 and 6) being the selectivity 90 and 94%, respectively. For comparison purposes all-silica MCM-41 was used as catalyst and it was confirmed that under the present conditions this material was not an effective catalyst (cf. Table 3 , entry 7). A unique characteristic of the tin-containing molecular sieves is the stability against water. When the carbonyl-Ene reaction is carried out in presence of the homogeneous Lewis acid BF 3 ·OEt 2 , water has to be trapped efficiently by molecular sieves to guarantee high yields of ene products. 16 In contrast, the present system allowed the addition of water up to, at best, 200 wt% with respect to the catalyst without any penalty on conversion and selectivity (cf. Table 4 ). a Determined by GC-chromatography on the crude product mixture; experimental error 5% of the stated value.
One of the advantages of heterogeneous catalysts is the easy separation from the reaction mixture by filtration and the possibility of recycling the catalyst. When Sn-MCM-41 was filtered out and submitted to a fresh reaction mixture without any regeneration treatment, the catalyst was still active and selective (cf. Table 3 , entries 3 and 4). However, after recycling the conversion was less than 50% of the original one. Nevertheless, the initial activity can be recovered by calcination. Thus, regeneration in an air-flow at 540 ºC for 3 h allowed to recover the full activity (cf. Table 5 , entries 1 and 2). In subsequent cycles the conversion dropped 5-10% (Table 5 , entries 3 and 4), but activity was still high.
In summary, Sn Lewis acid sites incorporated into a siliceous matrices resulted in active and selective catalysts for the Carbonyl-Ene reaction. The mesoporous support allowed diffusion without sterical restrictions and this material was more active than the best heterogeneous catalysts reported up to now for the synthesis of nopol (3). The activity was maintained in several subsequent runs with intermediate regeneration steps and it retained its activity and selectivity in the presence of water in the reaction mixture. a Determined by GC-chromatography on the crude product mixture; experimental error 5% of the stated value.
When the Sn-molecular sieve catalysts presented here for the carbonyl-Ene reaction with formaldehyde were tested for a smaller substrate, such as α-methylstyrene (5; Scheme 2), 3-phenylbut-3-en-1-ol (6) was obtained with toluene as solvent ( Table 6 , entries 1 and 4), but selectivity towards the homoallylic alcohol 6 was low, e.g. 31% in the case of Sn-MCM-41. Selectivity could be much improved by changing the solvent from toluene to 1,4-dioxane or acetonitrile. In this case, 81% conversion and 90% selectivity were obtained in the presence of Sn-Beta (Table 6 , entry 6). This result confirms that the low activity of Sn-Beta in the nopol reaction was not due to a lower intrinsic activity for the Carbonyl-Ene reaction with paraformaldehyde but to the geometric restriction of the zeolite channels.
Scheme 2
When this result was compared to others reported in the literature it can be concluded that a catalyst in where Sn was incorporated within the structure of micro-and mesoporous molecular sieves, i.e. Sn-Beta and Sn-MCM-41 presented a significant catalytic improvement with respect to the previously reported catalysts. Indeed, BF 3 was used before as promoter in the presence of zeolite 4 A to guarantee anhydrous conditions. 16 In general 100 wt% of the zeolite was employed and more than stoichiometric amounts (1.2 equiv.) of the Lewis acid. Although the conditions worked well for 3,4-dichloro-α-methylstyrene and the corresponding product was obtained in 72% yield, the yield dropped for α-methylstyrene (5) to only 41%.
In an earlier approach metal cation exchanged montmorrillonite was employed as heterogeneous catalyst. 17 Thereby, α-methylstyrene (1 equiv.) and paraformaldehyde (2 equiv.)
were dissolved in acetonitrile and reacted for 24 h at 80 ºC reaction temperature in the presence of 58 wt% of Zr
4+
-montmorrillonite (5 mol% of metal). Alcohol 6 was obtained in 61% yield in 80% selectivity. The TON was calculated as 12 per acid site of Zr 4+ -montmorillonite measured by temperature-programmed desorption of ammonia gas (NH 3 -TPD) method. For the best tin case (Sn-Beta, acetonitrile, Table 6 , entry 6) a TON of 440 has been achieved here, that was more than one order of magnitude better than Zr 4+ -montmorrillonite. The homogeneous gel was sealed in Teflon-lined stainless steel autoclaves and heated at 135 ºC under static conditions during 24 hours. The resulting solid product was recovered by filtration, washed and dried at 60 ºC for 24 hours. The occluded organic was removed by heating the solid at 813 K for 1 hour in a flow of N 2 , followed by 6 hours in air. The solid obtained presents a typical XRD pattern of MCM-41 structure. The Sn contents (1.6, 7.2 and 8.8 wt%) were determined by atomic absorption. General procedure for the carbonyl-Ene reaction for the nopol (3) formation. Olefin 1 (600 mg, 4.41 mmol), paraformaldehyde (300 mg, 2.2 equiv.), 3.0 g of toluene and a 50-mg sample of the catalyst were stirred magnetically and heated to 90 ºC reaction temperature. The reaction was followed by gas chromatography, and the products were identified by GC-MS and nopol (3) characterized by NMR spectroscopy. Additionally, the identity of α-pinene, camphene, and limonene was confirmed by GC analysis of the authentic samples.
To assure a complete mass balance, in one case (Table 5 , entry 2) the crude product mixture was isolated. To do this, the catalyst was collected by filtration and the solvent distilled off. The crude product was obtained in 85% yield and contained more than 90% of the desired nopol. The product was identified by 1 H NMR spectroscopy. 19 The solvent recovered contained 3% of substrate and 3% of nopol. 
